Abstract: Tumor-associated macrophages play an important role in tumor growth and progression. These macrophages are heterogeneous with diverse functions, eg, M1 macrophages inhibit tumor growth, whereas M2 macrophages promote tumor growth. In this study, we found that IFNγ and/or celecoxib (cyclooxygenase-2 inhibitor) treatment consistently inhibited tumor growth in a mouse lung cancer model. IFNγ alone and celecoxib alone increased the percentage of M1 macrophages but decreased the percentage of M2 macrophages in the tumors, and thus the M2/M1 macrophage ratio was reduced to 1.1 and 1.7 by IFNγ alone and celecoxib alone, respectively, compared to the M2/M1 macrophage ratio of 4.4 in the control group. A combination of IFNγ and celecoxib treatment reduced the M2/M1 macrophage ratio to 0.8. Furthermore, IFNγ and/or celecoxib treatment decreased expression of matrix metalloproteinase (MMP)-2, MMP-9, and VEGF, as well as the density of microvessels in the tumors, compared to the control group. This study provides the proof of principle that IFNγ and/or celecoxib treatment may inhibit lung-tumor growth through modulating the M2/M1 macrophage ratio in the tumor microenvironment, suggesting that IFNγ and celecoxib have potential to be further optimized into a new anticancer therapy.
Introduction
Globally, lung cancer is the most common cause of cancer-related deaths. Currently, surgical resection is the standard of care for most patients with nonmetastatic nonsmall-cell lung cancer. Other therapeutic approaches are needed to improve the survival of lung cancer patients. Cancer immunotherapy has reappeared as a powerful weapon against cancer recently, 1 since the US Food and Drug Administration approved Provenge ® (sipuleucel-T) for the treatment of metastatic castration-resistant prostate cancer and Yervoy ® (ipilimumab) for the treatment of metastatic melanoma. 2, 3 Inhibitors of PD-1, an immunosuppressive checkpoint protein, and its ligand PD-L1 and PD-L2, have shown promising results in the treatment of cancers, including lung cancer, in clinical trials. 4 A Phase I clinical trial showed that anti-PD-1 antibody produced objective responses in approximately one in four to one in five patients with non-small-cell lung cancer, melanoma, or renal cell cancer; the adverse-event profile did not appear to preclude its use. 5 Another Phase I clinical trial showed that anti-PD-L1 antibody induced objective response rates of 6%-17% and a stabilization of disease at rates of 12%-41% at 24 weeks in patients with advanced cancers, including non-small-cell lung cancer, melanoma, and renal cell cancer. 6 Three patients sustained long-term partial or complete response 16 months to 3 years off therapy.
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The tumor microenvironment is critical for lung cancer growth and progression. The tumor microenvironment consists of tumor cells, fibroblasts, endothelial cells, and immune cells (including macrophages, dendritic cells, and lymphocytes), as well as these cells' products, such as extracellular matrix, cytokines, chemokines, growth factors, enzymes, and cellular metabolites. 8 Macrophages influence tumor growth, angiogenesis, invasion, and metastasis through producing growth factors, cytokines, chemokines, and enzymes. 9 The tumor-associated macrophages (TAMs) are heterogeneous, with diverse, and even opposite, biological properties, such as the so called M1 (classically activated) and M2 (alternatively activated) macrophages. 10 IFNγ, lipopolysaccharides, TNFα, and GM-CSF induce monocytes to differentiate into M1 macrophages that express high levels of inducible nitric oxide synthase (iNOS), TNFα, IL-1β, IL-6, IL-12, IL-18, IL-23, CXCL10, human leukocyte antigen DR, and reactive oxygen and nitrogen intermediates. [10] [11] [12] [13] [14] IL-4, IL-10, IL-13, IL-21, activin A, immune complexes, and glucocorticoids are able to induce monocyte differentiation into M2 macrophages that express high levels of arginase (ARG)-1, IL-1RA, IL-10, CCL22, mannose receptor, galactose receptor, and CD163 antigen. 10, 15 M1 macrophages can inhibit tumor growth by producing effector molecules, such as reactive oxygen intermediates, reactive nitrogen intermediates, and TNFα, whereas M2 macrophages promote tumor growth and metastasis by secretion of growth factors, VEGF, matrix metalloproteinases (MMPs), and immunosuppressive cytokines/chemokines.
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The ratio of M1 and M2 macrophages determines the net anti-or protumor effects of the TAM population in the tumor microenvironment. 16 However, it is very common that M2 macrophages outnumber M1 macrophages in the tumors, so the TAMs provide a protumor microenvironment to support tumor progression. 17 We previously found that about 70% of TAMs are M2 macrophages and the remaining 30% are M1 macrophages in human non-small-cell lung cancer. 18 We have demonstrated that cyclooxygenase (COX)-2 is expressed at higher levels in human lung tumors than normal lung tissues, leading to increased prostaglandin E 2 (PGE 2 ) in lung tumors, which facilitates M2 macrophage differentiation. 19 Given that IFNγ can induce M1 macrophage polarization, 20, 21 and celecoxib can inhibit COX-2 enzyme activity, 22 we hypothesized that IFNγ and celecoxib might have a synergistic effect in reversing the M2/M1 macrophage ratio in the tumor microenvironment by promoting M1 macrophage differentiation and inhibiting M2 macrophage differentiation, thus inhibiting tumor growth. In the present study, we designed an in vivo animal study to test this hypothesis. In addition, because zoledronic acid has been shown to deplete TAMs and inhibit tumor progression in a human liver cancer xenograft model, 23 we also tested if zoledronic acid could inhibit lung-tumor growth in a mouse lung cancer model in immunocompetent syngeneic mice. We found that IFNγ alone or celecoxib alone was able to significantly reduce the M2/M1 macrophage ratio in the tumors (P0.01), and thus significantly inhibited tumor growth (P0.01). However, although the combination of IFNγ and celecoxib further reduced the M2/M1 macrophage ratio, the combined treatment did not significantly inhibit tumor growth further, compared to the single-agent treatment. Furthermore, zoledronic acid alone did not show any consistent antitumor effects.
Materials and methods animal model
The animal study was approved by the Animal Care and Use Committee of West China Hospital, Sichuan University, Chengdu, People's Republic of China (PRC). The mouse Lewis lung carcinoma (LLC)-1 cell line was obtained from the American Type Culture Collection, Manassas, VA, USA. LLC1 was originally derived from C57BL/6 mouse LLC. 24 The cells were cultured in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum (HyClone, Logan, UT, USA) and 100 IU/mL penicillin/streptomycin, in a 5% CO 2 humidified incubator at 37°C. A total of 115 8-week-old female C57BL/6 mice were purchased from the West China Laboratory Animal Center, Sichuan University, and were housed at this facility in a specific pathogen-free condition. The mice were used in two independent experiments. The first experiment used 75 mice (n=15 mice per group), and the second experiment used 40 mice (n=8 mice per group). In each experiment, 50 μL (containing 1×10 6 cells) LLC1 cell suspension was mixed with 50 μL of Matrigel ® (BD Biosciences, San Jose, CA, USA), which was injected subcutaneously in the left axilla of each mouse, using a 20-gauge needle and 1 cc tuberculin syringe.
experimental groups and treatment
One day after tumor-cell implantation, each mouse was randomly assigned to the following five groups (n=15 and n=8 per group, in the first and second independent experiments, respectively) and treated accordingly: a) treated with saline as a placebo control group; b) treated with recombinant human IFNγ (Shanghai Chemo Wanbang Biopharm, Shanghai, PRC), at a dose of 10,000 IU in 200 μL saline by intraperitoneal injection once a day for 5 consecutive days, 
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interferon-γ and celecoxib inhibit lung-tumor growth then discontinued for 2 days, and followed by another 5 days ( Figure 1A) ; c) treated with celecoxib (Pfizer China, Shanghai, PRC), at a dose of 60 mg/kg in 200 μL saline, administered by gavage on every other day ( Figure 1A) ; d) treated with a combination of IFNγ and celecoxib at the same dose and schedule described earlier ( Figure 1A) ; and e) treated with zoledronic acid (China National Medicines Guorui Pharmaceutical, Beijing, PRC), at a dose of 0.4 mg/kg in 100 μL saline intraperitoneally twice a week ( Figure 1A ). Animal body weight was weighed on days 1, 4, 7, 10, and 14. 
histopathology
The subcutaneous tumors were dissected out en bloc and weighed for wet weight. In the first experiment, all tumor tissues were fixed with 10% formalin and embedded in paraffin. Five-micrometer sections were cut for histopathologic examination and immunohistochemical (IHC) staining. In the second experiment, approximately 10% of each tumor was fixed and paraffin-sectioned for histopathologic examination, and the rest was used for flow-cytometry analysis.
immunohistochemical staining
IHC staining was performed as described previously. 25, 26 The primary antibodies used were: rabbit anti-MMP-2 (1:50 dilution), rabbit anti-MMP-9 (1:150 dilution), rabbit anti-VEGF (1:100 dilution), and rabbit anti-factor VIII (1:200). All primary antibodies were purchased from Beijing Biosynthesis Biotechnology (Beijing, PRC). Tissue sections previously stained positively were used as positive controls, while tissue sections with primary antibodies replaced by phosphate-buffered saline (PBS) served as negative controls. Streptavidin peroxidase-conjugated secondary antibodies (SP-9002) and a diaminobenzidine substrate kit were obtained from Zhongshan Golden Bridge Biotechnology (Beijing, PRC). The staining was performed according to the kit manufacturer's instructions. Sections were then counterstained with hematoxylin and mounted in an aqueous mounting medium. Positive cells showed brown particles on the cellular membrane and/or in the cytoplasm. The stained sections were evaluated in a blinded manner (ie, the examiner did not know which group the sections belonged to). Staining of MMP-2, MMP-9, and VEGF was graded in a two-score system according to a previous report. 27 The proportion score represented the estimated fraction of positive staining: 0= no staining, 1=1%-25%, 2=26%-50%, 3=51%-75%, 4=76%-100%. The intensity score represented the estimated average staining intensity of the positive staining: 0= no staining, 1= weak, 2= intermediate, 3= strong. The overall score of staining is the sum of the proportion score and the intensity score (range 0-7). The average score from five high-power fields (magnification 200×) represented the staining score of each tumor. The density of microvessels was assessed according to a previous study. 28 The number of factor VIII-positive microvessels was counted under five high-power fields (magnification 200×), and the average number per high-power field represented the density of microvessels in each tumor. The data represent means ± standard error of the mean of 15 tumors per group (n=15).
Flow-cytometry analysis
Fresh tumors were cut into approximately 1 mm 3 pieces and digested with 0.5 mg/mL collagenase IV in Dulbecco's Modified Eagle's Medium at 37°C with shaking at 100 rounds per minute for 2 hours. The cells were filtered through a 70 μm filter and subjected to red cell-lysis buffer. Then, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100. After being washed twice with PBS, the cells were aliquoted into 1×10 6 cells in 100 μL PBS in 1.5 mL microcentrifuge tubes for staining. To each test tube was added three antibodies conjugated with different fluorophores: rat antimouse CD68-phycoerythrin (PE) (1:100 dilution; BioLegend, San Diego, CA, USA), rat antimouse iNOS-Alexa Fluor ® 488 (1:50 dilution; eBioscience, San Diego, CA, USA), and sheep antimouse arginase 1-allophycocyanin (APC) (1:50 dilution, R&D Systems, Minneapolis, MN, USA). As negative control, three isotype control antibodies were used: rat IgG 2α , κ-PE (1:100 dilution, BioLegend), rat IgG 2α , κ-Alexa Fluor 488 (1:50 dilution; eBioscience), and sheep IgG-APC (1:50 dilution; R&D Systems). The cells were stained for 1 hour at 4°C, with gentle shaking every 10 minutes. After being washed twice with PBS, the cells were suspended in 0.5 mL PBS and analyzed with Cytomics FC500 flow cytometry and its software (Beckman Coulter, Brea, CA, USA). Unstained and single antibodystained samples were used to adjust color compensation and gating of the positively stained population. The CD68-PE-positive cells (macrophages) were gated first, from which population the iNOS-Alexa Fluor 488-positive cells (CD68 + iNOS + M1 macrophages) and ARG1-APC-positive cells (CD68 + ARG1 + M2 macrophages) were gated. Data represent the means ± standard error of the mean of seven or eight tumors (n=7 for groups c and d, in which one mouse each died due to injuries caused by gavage, and thus only seven mice per group survived to the end point; n=8 for groups a, b, and e, as originally planned). 
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Results
iFnγ and celecoxib inhibit mouse lung-tumor growth
We implanted mouse LLC1 cells subcutaneously into syngeneic C57BL/6 mice. The mice were randomly assigned into five groups: a) treated with saline as the placebo control group, b) treated with IFNγ, c) treated with celecoxib (COX-2 inhibitor), d) treated with a combination of IFNγ and celecoxib, and e) treated with zoledronic acid that can kill macrophages ( Figure 1A ). In the first experiment, we found that IFNγ alone reduced tumor weight by 17% compared to the control group (P0.01, Figure 1B) . Celecoxib alone reduced tumor weight by 27% compared to the control group (P0.01, Figure 1B) . The combination of IFNγ and celecoxib reduced tumor weight by 23% compared to the control group (P0.01, Figure 1B ). However, there was no statistically significant difference between the combinedtreatment group and IFNγ-alone or the celecoxib-alone groups (P0.05, Figure 1B ). Zoledronic acid did not significantly reduce tumor weight compared to the control group (P0.05, Figure 1B ). In the second experiment, we found that IFNγ alone reduced tumor weight by 26% compared to the control group (P0.01, Figure 1C ). Celecoxib alone reduced tumor weight by 31% compared to the control group (P0.01, Figure 1C ). The combination of IFNγ and celecoxib reduced tumor weight by 34% compared to the control group (P0.01, Figure 1C ). Like the first experiment, there was no statistically significant difference between the combinedtreatment group and IFNγ-alone or celecoxib alone groups (P0.05, Figure 1C ). Unlike the first experiment, zoledronic acid reduced tumor weight by 16% compared to the control group (P0.01, Figure 1C ). Of note, we found that all animals gained body weight during the treatment, and there was no statistically significant difference among the five groups (data not shown).
iFnγ and celecoxib modulate the M2/M1 macrophage ratio in the tumors
We examined the percentage of macrophages in the cellular population of the tumors by staining with anti-CD68 antibodies and analyzing with flow cytometry. The CD68-positive macrophages were gated in window C of the histograms (Figure 2 Figure 2F . We found that IFNγ or celecoxib alone did not change the percentage of macrophages, while the combination of IFNγ and celecoxib increased the proportion of macrophages by approximately 11% (P0.05, Figure 2G ). In contrast, zoledronic acid decreased the proportion of macrophages by approximately 30% (P0.01, Figure 2G ). Both IFNγ alone and celecoxib alone increased the proportion of M1 macrophages by 116% compared to the control group (P0.01, Figure 2H ). The combination of IFNγ and celecoxib increased the proportion of M1 macrophages by 158% compared to the control group (P0.01, Figure 2H ), the increase of which was also significantly higher than IFNγ alone or celecoxib alone (P0.01). In contrast, zoledronic acid did not change the proportion of M1 macrophages (P0.05, Figure 2H ). On the other hand, IFNγ decreased the proportion of M2 macrophages by 48% compared to the control group (P0.01, Figure 2I ). Celecoxib decreased the proportion of M2 macrophages by 19% compared to the control group (P0.01, Figure 2I ). The combination of IFNγ and celecoxib decreased the proportion of M2 macrophages by 52% compared to the control group (P0.01, Figure 2I ), the decrease of which was significantly more than celecoxib alone (P0.01), but not significantly more than IFNγ alone (P0.05). In contrast, zoledronic acid did not change the proportion of M2 macrophages (P0.05, Figure 2I ). Based on the proportions of M1 and M2 macrophages in the tumors (Figure 2 , H and I), we calculated that the M2/M1 macrophage ratio in the control group was 4.4, whereas IFNγ reduced the M2/M1 macrophage ratio to 1.1. Celecoxib reduced the M2/M1 macrophage ratio to 1.7, and the combination of the IFNγ and celecoxib reduced the M2/M1 macrophage ratio to 0.8. In contrast, zoledronic acid slightly increased the M2/M1 macrophage ratio to 4.8.
iFnγ, celecoxib, and zoledronic acid decrease expression of MMP-2 and MMP-9
We did IHC staining of MMP-2 and MMP-9 in the tumor sections and quantified the staining using a two-score grading system. 27 We found that MMP-2 expression was significantly reduced by IFNγ alone, celecoxib alone, a combination of IFNγ and celecoxib, and zoledronic acid, compared to the control group (Figure 3, A-G, P0.01) . However, there was no statistically significant difference among the four drug-treatment groups (P0.05). Similarly, we found that MMP-9 expression was significantly reduced by IFNγ alone, celecoxib alone, a combination of IFNγ and celecoxib, and zoledronic acid, compared to the control group (Figure 4 
iFnγ and celecoxib decrease VegF expression and density of microvessels
We did IHC staining of VEGF in the tumor sections and quantified the staining using a two-score grading system. 27 We found that VEGF expression was significantly reduced by IFNγ alone, celecoxib alone, and a combination of IFNγ and celecoxib, compared to the control group ( Figure 5 , A-D, F, G; P0.01). However, there was no statistically significant difference among these three drug-treatment groups (P0.05). In contrast, zoledronic acid did not significantly change the expression of VEGF (P0.05, Figure 5 , E-G).
We assessed the density of microvessels in the tumors by factor VIII staining according to a previous study. 28 We found that IFNγ alone, celecoxib alone, and a combination of IFNγ and celecoxib significantly decreased the density of microvessels compared to the control group ( Figure 6 , A-D, F, G; P0.05 and P0.01, respectively). The density of microvessels was significantly lower in the combinedtreatment group than the IFNγ-alone group (P0.05), but not significantly different from the celecoxib-alone group (P0.05). In contrast, zoledronic acid did not significantly 
Discussion
In the lung-tumor microenvironment, M2 macrophages usually outnumber M1 macrophages, creating a protumor immune microenvironment. Other cancers also present an M2-dominant tumor microenvironment, including prostate cancer and ovarian cancer. [29] [30] [31] Since M1 macrophages inhibit tumor growth while M2 macrophages promote tumor growth by expressing VEGF and MMPs, 11 it is intriguing to investigate if enhancing M1 macrophage differentiation and inhibiting M2 macrophage differentiation would affect tumor growth.
In the present study, we tested IFNγ, a well-known inducer of M1 macrophage differentiation, 20, 21 and celecoxib, a COX-2 inhibitor. 22 We speculated that celecoxib could inhibit COX-2 and reduce PGE 2 production, thus inhibiting M2 macrophage differentiation, based on our previous study showing that PGE 2 facilitates M2 macrophage differentiation. 19 We found that IFNγ and celecoxib, either used alone or in combination, consistently inhibited lung-tumor growth in two independent experiments. IFNγ or celecoxib alone did not change the percentage of total macrophages, but their combination slightly increased the percentage of total macrophages. What was remarkable was that both IFNγ alone and celecoxib alone significantly increased the 
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interferon-γ and celecoxib inhibit lung-tumor growth percentage of M1 macrophages, but decreased the percentage of M2 macrophages in the tumors. Therefore, the M2/M1 macrophage ratio was reduced to 1.1 and 1.7 by IFNγ alone and celecoxib alone, respectively. In contrast, the M2/M1 macrophage ratio in the control group was 4.4, which is four times and 2.6 times of those in the IFNγ-alone and celecoxibalone groups, respectively. These results suggest that IFNγ and celecoxib indeed can modulate the M2/M1 macrophage ratio in the lung-tumor microenvironment. However, we only observed a slight further reduction of the M2/M1 macrophage ratio to 0.8 by the combination of IFNγ and celecoxib. This is because the combined treatment did not reduce M2 macrophages further than IFNγ alone, although the combined treatment increased the M1 percentage significantly more than IFNγ alone or celecoxib alone. Therefore, the synergy between IFNγ and celecoxib in modulating the M2/M1 macrophage ratio is not obvious, which is consistent with the lack of synergy in inhibition of tumor growth. Furthermore, IFNγ alone, celecoxib alone, and their combination reduced the expression of MMP-2, MMP-9, and VEGF to similar levels, which is another piece of evidence showing the lack of synergy between IFNγ and celecoxib. The density of microvessels in the tumors was also decreased by IFNγ alone, celecoxib alone, and their combination, except that the decrease with the combined treatment was significantly more than the IFNγ-alone treatment. Taken together, these results suggest that IFNγ alone or celecoxib alone can reduce the M2/M1 macrophage ratio in the tumor microenvironment, It has been shown that TAM depletion reprograms the immunosuppressive tumor microenvironment and creates an antitumor immune microenvironment in breast cancer and liver cancer. 23, 32 TAMs may be a therapeutic target in other tumors, such as prostate cancer, renal cell carcinoma, and osteosarcoma. 31, 33, 34 In addition, anti-EGFR antibody (cetuximab) may activate M2 macrophages, which might be the reason that addition of cetuximab to bevacizumab plus chemotherapy showed a negative outcome. 35 This finding implies that anti-TAM approaches may have potential in combinatory therapies. In this study, we tested if TAM depletion by zoledronic acid could affect tumor growth in our mouse lung cancer model. We did not find any inhibition of tumor growth in the first experiment, but we did see a 16% decrease in the tumor weight in the second experiment. The percentage of total macrophages was decreased in both experiments. We speculate that the discrepancy between the two experiments may be due to the difference in tumor growth. On average, the tumors in the first experiment grew much bigger than the second experiment. Although we implanted the same 
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interferon-γ and celecoxib inhibit lung-tumor growth number of cells in both experiments, it could be that the cell viability and cellular growth status were not the same, so the live cell number was fewer in the second experiment than the first experiment. Therefore, inhibition of tumor growth was more obvious in the second experiment by IFNγ alone, celecoxib alone, and a combination of IFNγ and celecoxib, as well as zoledronic acid. Although zoledronic acid reduced expression of MMP-2 and MMP-9, it did not affect VEGF expression or the density of microvessels in the tumors. This may partially explain the fact that in small tumors, zoledronic acid may have some effects, but in large tumors where more angiogenesis occurs, zoledronic acid becomes ineffective in treating subcutaneous tumors. It is worth pointing out that zoledronic acid has only been approved for treating multiple myeloma and cancer bone metastasis, as well as other bonerelated diseases. 36 Based on our study, we are not optimistic about zoledronic acid's effects on lung tumors other than bone metastasis.
One limitation of the present study is that only a single dosage of each drug was tested. The doses and administration schedules were chosen based on previous reports. [37] [38] [39] It is reasonable to speculate that those doses may not necessarily be the optimal ones. Nevertheless, the positive results from the empirical doses used in this study are encouraging. Future studies are warranted to investigate the dose-dependent effects of IFNγ alone, celecoxib alone, and a combination of the optimal doses of IFNγ and celecoxib. The second limitation is that the treatments were given immediately after tumor inoculation. Any effects should be considered prophylactic in terms of preventing tumor growth, and the effects observed were minimal. The design of treatments after establishment of tumors and optimization to obtain more dramatic effects shall be considered in further studies. The third limitation of this study is that only CD68 in combination with iNOS and ARG1 were used for defining M1 and M2 macrophages, because the flow-cytometry instrument used was only able to show three colors. Ideally, a panel of six to eight markers (including F4/80) should be used. Finally, the association between macrophages and MMP-2, MMP-9, and VEGF is only suggestive, as other cells (tumor cells, fibroblasts, etc) may also express them.
In conclusion, this study provides the proof of principle that IFNγ and/or celecoxib treatment may inhibit lung-tumor growth through modulating the M2/M1 macrophage ratio in the tumor microenvironment, suggesting that IFNγ and celecoxib have potential to be further optimized in a new anticancer therapy.
